Solar observations are performed over an extended field of view and the isoplanatic patch over which conventional adaptive optics (AO) provides diffraction limited resolution is a severe limitation. The development of multi-conjugate adaptive optics (MCAO) for the next generation large aperture solar telescopes is thus a top priority. The Sun is an ideal object for the development of MCAO since solar structure provides multiple "guide stars" in any desired configuration. At the Dunn Solar Telescope (DST) we implemented a dedicated MCAO bench with the goal of developing wellcharacterized, operational MCAO. The MCAO system uses two deformable mirrors conjugated to the telescope entrance pupil and a layer in the upper atmosphere, respectively. The high altitude deformable mirror can be placed at conjugates ranging from 2km to 10km altitude. We have successfully and stably locked the MCAO system on solar granulation and demonstrated the MCAO system's ability to significantly extend the corrected field of view. We present results derived from analysis of imagery taken simultaneously with conventional AO and MCAO. We also present first results from solar Ground Layer AO (GLAO) experiments.
INTRODUCTION
Adaptive Optics has revolutionized solar astronomy by providing diffraction limited observations of our nearest star. Since the deployment of conventional AO hardware at major solar telescopes significant progress has been made in our understanding of the complex MHD processes that drive solar activity. These highly successful AO developments have delivered the enabling technology for the development and construction of large aperture solar telescopes such as the New Solar Telescope (NST) 1 and the Advanced Technology Solar Telescope (ATST) 2 . A severe limitation of conventional AO is its ability to fully correct only the seeing aberrations within the isoplanatic patch. Anisoplanatism causes the quality of the AO correction to gradually decline away from the diffraction limit with distance from the chosen lock center and as a consequence, the Strehl ratio decreases. For short exposures, i.e, broad-band imaging, postprocessing such as speckle reconstruction can be used to restore the conventional AO corrected images over a large field-of-view (FOV). However, the most exciting science requires long exposure spectroscopy and polarimetry over an extended FOV. In the visible, conventional AO limits the corrected FOV to about 10 arcsec diameter or less. In contrast, a sunspot or active region extends typically over 1-2 arcmin. In order to capture the dynamic temporal evolution of sunspot structures on the relevant spatial scales, one requires spatial resolution of 0.1 arcsec or less. Flares can occur "unannounced" anywhere in the extended FOV. Flare trigger mechanisms operate rapidly and on the smallest spatial scales. Their location within the FOV is difficult, if not impossible to predict. Thus, we are led directly to a requirement for diffraction limited resolution over a FOV of 1-2 arcmin. In fact, the vast majority of solar observing programs would benefit tremendously from diffraction limited resolution over an extended FOV. With conventional AO data post-processing is required to achieve to uniform, diffraction limited imaging over an extended FOV.
Multi-conjugate adaptive optics (MCAO)
3 is a technique that provides real-time diffraction limited imaging over an extended FOV. MCAO will eliminate a major limitation of conventional AO systems, the small isoplanatic patch, and, thus provide the tool to effectively study, with unprecedented spatial resolution, fundamental scientific questions like the onset and evolution of flares, flare triggering mechanisms, magnetic reconnection events and many other dynamic solar phenomena that require diffraction limited observations over an extended FOV with the requisite high temporal cadence.
The results from the ESO MAD system 4 , which uses natural guide stars, demonstrated the power of MCAO for scientific discovery even with a demonstrator system. Wavefront sensing in nighttime MCAO is difficult because for general use, multiple laser guide stars (LGSs) are needed for tomographic wavefront reconstruction. Thus, to accurately reconstruct 3-D turbulence, generally a number of laser guide stars are needed.
The Sun is an ideal target for MCAO; any number of "guide stars" can be made from the extended structure of the Sun by using the correlating Shack-Hartmann wavefront sensor 5 . Implementing operational solar Multi-Conjugate Adaptive Optics (MCAO) is an essential, but challenging task that faces the NST, GREGOR 6 (the 1.5 m on-axis solar telescope being built by our partners at the Kiepenheuer Institute in Germany for deployment in Tenerife, Spain) and ultimately the ATST. The development of MCAO for existing solar telescopes and, in particular, for the next generation large aperture solar telescopes is stated as a top priority in the US adaptive optics roadmap 7 .
First successful on-the-sky MCAO experiments were performed at the DST and at the German VTT (Vacuum Tower Telescope) on the Canary Islands 8, 9, 10, 11 . However, further development is progressing at the DST with the goal to provide the ground work for operational solar MCAO at the NST in Big Bear, and ultimately at the large ATST on Haleakala. The optics of the 4-m ATST is designed to allow the high order conventional AO system to be easily upgraded to high order MCAO once the solar MCAO technology is mature. The DST MCAO effort is in close collaboration with the 1.5m GREGOR telescope project, which is planning to implement a MCAO system shortly after first light.
Ground layer adaptive optics (GLAO) is also an attractive option for solar AO. During the daytime most of the turbulence is located near the ground and with GLAO it is theoretically possible to achieve sub-arcsecond resolution over a very wide field, which, at large aperture telescopes, opens a new window for a number of science objectives that require moderate resolution combined with high photon flux. At the DST we are also pursuing GLAO and have performed first on-sky experiments.
In this paper we summarize preliminary results from a recent MCAO and GLAO observing runs at the DST and discuss future plans.
PREVIOUS MCAO EXPERIMENTS AND LIMITATIONS
The initial solar MCAO work performed at NSO 8, 9 and at the Kiepenheuer Institute 10,11 provided proof-of-concept with on-sky experiments at the DST and the German VTT on the Canaries. Both experiments demonstrated the MCAO's ability to extend the corrected FOV. The DST MCAO experiments used two DMs and a MCAO wavefront sensor with three guide regions. Lacking dedicated hardware these experiments utilized existing hardware from the DST conventional AO systems. Due to the constraints given by the existing hardware only three guide regions and a limited number of subapertures (21 per guide region) could be implemented at a reasonable bandwidth. However, since daytime seeing is often dominated by strong ground-layer turbulence a high order correction of the ground-layer is crucial. The 76 subaperture conventional AO system at the 76 cm DST can correct between 60 and 70 KL modes and thus is able to provide good correction for most seeing conditions. By limiting the ground layer correction to only 21 subapertures MCAO work was practically limited to the very best seeing conditions only. Another severe practical limitation was the fact that in order to set up the MCAO experiment the two operational conventional AO systems had to be disassembled to provide the parts such as DMs and wavefront sensor equipment for the MCAO. Likewise, a complete and time consuming re-assembly and alignment of the conventional AO systems was necessary after completion of the MCAO experiment. Given the high demand for observing time at the DST this situation was no longer sustainable.
The above mentioned on-sky experiments were performed under unknown atmospheric conditions, i.e., no information about the Cn 2 (h) profile above the telescope was available during the experiments. Hence, a detailed comparison of MCAO performance with model predictions was impossible. Furthermore, optimization of parameters such as DM conjugate positions and control algorithms could not be performed. However, before any operational solar MCAO can be designed or built it is crucial to determine how well achieved and expected performance compare and under what conditions and operational parameters.
MCAO APPROACH AND DESIGN
At the DST we have now implement a dedicated MCAO bench allows for easier and faster and more permanent implementation of the MCAO experiment that alleviates the problems described in the previous section. In order to achieve this goal we implemented a two stage approach. The first stage consists of the high order AO system with 76 subapertures and a 97 actuator DM conjugated to ground level. This system is used for normal operations at the DST. The second stage uses a second 97 actuator DM that can be conjugated to an adjustable altitude between 2 and 10 km. The wavefront sensor now uses up to four (4) off-axis guide regions to track granulation or other solar structure. The conventional AO uses a FOV of about 10"x10" and thus provides high order wavefront information for the central field point. The wavefront sensor of the second stage (WFS2) that follows the ground-layer AO utilizes up to four (4) guide regions of about 10"x10" each located in the corners of the 45"x45" WFS FOV. The spare wavefront sensor camera and processing unit of the high order AO system was used for the second stage of the MCAO experiment. The camera can easily be reprogrammed to accommodate the arrangement of multiple FOVs. The DSP processing unit is used to process the four (4) guide regions with 21 subapertures each. The system runs at 1.6 kHz frame rate. In principle, any number of subfields can be placed within the large FOV in any desired geometrical arrangement. In practice, the number of guide regions is limited by the processing power of the DSP unit.
The two stages combined provide a classical five (5) guide region MCAO "asterism" with central field point WFS and four additional sensors arranged in a square around the central field point. However, the wavefront at the central field point is sampled with a significantly larger number of subapertures.
Reconstruction matrices that compute actuator commands from the WFS measurements are constructed by generating a generalized modal interaction matrix and applying a standard Singular Value Decomposition (SVD) algorithm to compute the generalized pseudo inverse. The number of KL modes that can be corrected with DM2 in a stable control loop depends on the seeing conditions and ranges between 15-20 modes. It is expected that a more sophisticated reconstruction techniques with proper regularization applied would allow us to control additional modes. An interesting feature of this approach is that the high order central field point WFS does not experience any pupil distortion that is introduced by DM2 as soon as corrections are applied on DM2. It has been suggested 12 that pupil deformation may be severe enough to introduce significant errors in the reconstruction process of the high order central field point WFS. In particular, edge apertures would be affected. The noise introduced in this way may lead to servo loop instabilities. In this context it is interesting to note that attempts to operate the DST MCAO system with both WFS located following DM2 in the optical path have so far been unsuccessful since a stable servo loop could not be achieved. If the high order sensor is placed before DM2 pupil deformation can be avoided. This issue needs further investigation and modeling. 
MCAO RESULTS
The observations were performed during May and Aug. 2008. Bursts of 50 -100 digital 1kx1k images with an exposure time of 10ms were recorded after ground-layer AO correction and after the MCAO correction, respectively. The images were recorded strictly simultaneously at a frame rate of 8 Hz. The observing wavelength was 510 nm (9 nm FWHM) for both channels. During these runs DM2 was positioned at conjugate heights of 2, 4, 5 and 7 km. The best results were achieved with the DM2 at 4 and 5 km conjugates. This is not surprising given the results of the turbulence profiling 13 obtained during the Aug. 2008 period. The number of controlled modes was varied between 9 and 20 KL modes. The control loop quickly became unstable during attempts to control more modes. The image bursts were processed in two ways. A local correlation algorithm was applied to obtain residual image motion within the extended FOV of about 60" diameter. Residual image motion is easily computed from granulation images and is an indicator for the degree of correction obtained. Alternatively, a speckle reconstruction algorithm was applied, which also outputs residual image motion. The results of both methods are nearly identical. Figure 3 shows two examples of residual image motion maps pairs. The granulation image in the background is the speckle reconstruction of the corresponding burst of images. Dark areas in these images indicate good correction. The top images are recorded after DM2 and demonstrate the ability of the MCAO stage to provide an increased corrected FOV compared to the conventional AO. DM2 corrected 20 KL modes for these cases. The residual image motion maps recorded after DM1 (bottom) are not uniform across the FOV indicating that our wide field wavefront sensor approach did not deliver level of less than 0".01 rms and within a triangular shaped FOV of about 40" compared to typically less than 10" of the conventional AO. The location of the guide regions is clearly reflected in the residual image motion maps since the best correction is at these locations. Image motion is actually increased by the MCAO stage in the corners of the FOV where the 3 guide-region wavefront sensor does not provide any information. 
GLAO RESULTS
Ground layer adaptive optics is an attractive option for solar AO. During the daytime most of the turbulence is located near the ground. The Cn2(h) profile of good solar sites such as Haleakala indicates that > 90% of the turbulence is with the first 100-200m while the r0 of the upper atmosphere can be rather large (Rimmele cn2). Fried parameters of 30-50cm are quite common at those higher layers. This means that with a simple high order ground layer correction it is theoretically possible to achieve subarcsecond resolution over a very wide field. A number of science objectives can be addressed with the potential resolution of 0.2-0.3 arcsec provided by GLAO. The potential GLAO resolution is essentially that of the Solar Optical Telescope (SOT) on board HINODE 14 . At this reduced (from diffraction limited) resolution a large aperture solar telescope, such as the 4m ATST, would provide a tremendous photon flux and thus a significant cadence and/or sensitivity advantage over the 50cm SOT. Sensitive vector magnetic field measurements of active regions that currently take on the order of an hour and hence miss much of the very dynamic nature of active region evolution could be performed in a few minutes provided efficient instrumentation is used.
GLAO is also an attractive option for synoptic solar telescopes such as SOLIS and a future larger aperture GONG network. Depending on the site characteristics the 50 cm SOLIS telescope could potentially operate close to its diffraction limit for the full solar disk with a relatively modest GLAO system.
It is therefore of much interest to pursue solar GLAO. Our first MCAO experiments attempted to provide a ground layer correction with the first MCAO stage using a wide field WFS. The maximum FOV of the WFS used for those experiments was about 20"x20". The experience from those experiments and modeling efforts 15 clearly show that a larger WFS FOV is required to obtain a ground layer correction. In essence, as the WFS FOV is increased from the small field of the conventional AO to larger and larger field size the correction applied with the DM is an average over an increasingly larger number of isoplanatic patches.
In an attempt to determine the field size that is sufficient to provide a ground layer correction we further increased the field of the conventional AO WFS to 42"x42". This increase is pushing the limits in terms of WFS sensitivity since the number of pixels per subimage is fixed and limited to 20x20, i.e., the pixel resolution of the subimages is only about 2"/pix. Nevertheless, we were able to stably lock the servo loop with this wide field sensor and record bursts of short exposure images. These images were processed in a similar fashion as the MCAO imaging data providing residual image motion measurements over a 1 arcmin and 2 arcmin FOV, respectively. It is likely that some of the field dependence of the correction is due to the fact that the high contrast sunspot structure contributes most significantly to the cross correlation and is thus contributes with more weight to determination of a field averaged wavefront. Thus, the high contrast structure is corrected more efficiently. It has been demonstrated that a wide field WFS can increase the sensitivity of the correlating WFS and thus is expected to work for worse seeing conditions 16 . GLAO therefore offers a way to improve telescope efficiency. Bad seeing periods during which conventional AO provides very low Strehl or simply does not work at all can still be utilized for certain science projects that require subarcsecond but not diffraction limited resolution. Such observations would gain from the available photon flux of a large aperture. In particular, in the near infrared a modestly sized GLAO system could potentially open up a new window for high cadence polarimetry.
CONCLUSION AND OUTLOOK
We presented results from our solar MCAO experiment performed at the DST. The two staged approach allows us to quickly switch from normal operations with conventional AO to the experimental MCAO development work and, in addition, provides without any new hardware required the high order correction of the strong ground-layer, which is dominant during day-typical time seeing. We demonstrated that this approach provides a corrected FOV 3-4 times that of the conventional AO. The DST MCAO effort is a step toward developing MCAO technology for large aperture solar telescopes. MCAO systems for the 1.5m GREGOR and 1.6m NST are currently under development.
A wide field WFS can provides a more uniform correction over the FOV with reduced correcting efficiency when compared to MCAO and conventional AO. This is what we expect from a GLAO system. However, the 42"x42" WFS FOV used for our experiments does not provide sufficient field averaging to provide a true ground layer correction. Multiple wide field WFS will be required to achieve a true ground layer correction.
